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Description
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent application No. 61/029,263, filed on 15 February 2008
and entitled CIRCULARLY SYMMETRIC ASPHERIC LENS HAVING NON-MONOTONIC PHASE DEVIATION AND
EXTENDED DEPTH OF FIELD. U.S. Patents No. 5,748,371, 6,940,649, 7,115,849, 7,218,448 and 7,649,302 are also
referenced.

BACKGROUND

[0002] Limited depth of field is a common issue in imaging. It is well known to photographers that stopping down an
aperture of an imaging device (e.g., a camera) can increase depth of field, but this technique reduces light available to
the imaging device. Certain imaging devices increase depth of field by modifying phase with circularly asymmetric optics,
but such devices may be difficult or costly to manufacture due to a need to align the asymmetrical optics within the
device. US 2006/0176572 A1 describes an intra-ocular lens or a contact lens exhibiting large depth of focus. "CODE V
Prompting Guide" (1999, OPTICAL RESEARCH ASSOCIATES, XP002524307, pages 50-57) describes the automatic
design of optical lenses, especially the specific and general constraints, optimization controls and error function con-
struction.

SUMMARY

[0003] The following aspects thereof are described and illustrated in conjunction with systems, tools and methods
which are meant to be exemplary and illustrative, not limiting in scope. In various aspects, one or more limitations
associated with the above-described systems and methods have been addressed, while other aspects are directed to
other improvements.

[0004] In an aspect, imaging optics include one or more optical elements for modifying a wavefront of electromagnetic
energy incident thereon. The wavefront, modified by transmission through the optical elements, exhibits a nonmonotonic
wavefront phase profile. The imaging optics are characterized by a modulation transfer function that is substantially
invariant over a range of misfocus.

[0005] In an aspect, an optical imaging system includes imaging optics for modifying a wavefront of electromagnetic
energy such that the wavefront, modified by transmission through the imaging optics, forms a non-monotonic wavefront
phase profile. The imaging optics are characterized by a modulation transfer function ("MTF") thatis substantially invariant
over a range of misfocus. The system also includes a detector for receiving the electromagnetic energy from the imaging
optics.

[0006] In an aspect, a computer-based method of optimizing an optical imaging system to extend depth of field of the
system includes providing an initial model of the optical imaging system in a computer-based simulation tool, and
evaluating depth of field of the initial model. The method also includes generating a revised model of the optical imaging
system by adding an initial estimate of design parameters for an aspheric optical element to the initial model, and
establishing a depth of field goal within the simulation tool that exceeds the depth of field of the initial model. The method
operates an optimizer of the simulation tool to vary the design parameters until the optimizer converges on final design
parameters for the aspheric optical element such that the system forms a non-monotonic wavefront phase profile. A
final model of the optical imaging system, including the final design parameters, meets or exceeds the depth of field goal.
[0007] In an aspect, a computer-based method of optimizing an optical surface to extend depth of field of an optical
imaging system includes providing an initial model of optics of the optical imaging system without the optical surface, in
a computer-based simulation tool, and evaluating depth of field of the initial model. The method also includes generating
a revised model of the optics by adding an initial estimate of design parameters for the optical surface, including a
monotonic phase deviation from a spherical surface, to the initial model, and establishing a depth of field goal within the
simulation tool that exceeds a depth of field of the optical imaging system without the optical surface. An optimizer of
the simulation tool varies the design parameters until the optimizer converges on final design parameters for the optical
surface that include a non-monotonic phase deviation, with a final model of the optics including the optical surface that
meets or exceeds the depth of field goal.

[0008] In an aspect, a method of maintaining modulation transfer invariance over a range of misfocus in an optical
imaging system includes modifying a wavefront of electromagnetic energy incident to the optical imaging system such
that the wavefront exhibits a non-monotonic wavefront phase profile and a substantially invariant modulation transfer
function over the range of misfocus.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Exemplary aspects are illustrated in referenced figures of the drawings. It is intended that the aspects and
figures disclosed herein are to be illustrative rather than limiting.

FIG. 1 shows an imaging system that provides a non-monotonic wavefront phase profile and has extended depth
of field, according to an aspect.

FIG. 2 shows a plot that represents the circularly symmetric aspheric lens surface described by Eq. 1, according to
an aspect.

FIG. 3 shows a plot that represents a cross section of the aspheric surface shown in FIG 2.

FIG. 4 shows a plot of modulation transfer functions ("MTFs") produced by an imaging system that includes the
aspheric surface shown in FIG 2.

FIG 5shows a plotof MTFs produced by animaging system that does notinclude the aspheric surface shown in FIG. 2.
FIG 6 shows a thru-focus plot of modulation vs defocus for a single normalized spatial frequency of 0.4, for the
imaging systems that do and do not include the aspheric surface shown in FIG. 2.

FIG. 7 shows a plot that represents an aspheric component of the optical surface sag defined by Eq. 2, according
to an embodiment.

FIG. 8 shows a plot of a non-monotonic wavefront produced by an imaging system that includes an aspheric optical
element having the surface sag defined by Eq. 2.

FIG. 9 shows a plot that contrasts performance of an optical system that includes an aspheric element having the
surface sag defined by Eq. 2, and is focused at infinity, with performance of an equivalent system that does not
utilize the aspheric element.

FIG. 10 shows a plot that contrasts performance of an optical system that includes an aspheric element having the
surface sag defined by Eq. 2, and is focused at 35 cm, with performance of an equivalent system that does not
utilize the aspheric element.

FIG. 11 shows a plot that contrasts performance of an optical system that includes an aspheric element having the
surface sag defined by Eq. 2, and is focused at 25 cm, with performance of an equivalent system that does not
utilize the aspheric element.

FIG. 12 shows aray plot of electromagnetic energy passing through an imaging system, according to an embodiment.
FIG. 13 shows a detailed view of a region shown in FIG. 12.

FIG. 14 is a flowchart illustrating a method of optimizing an optical imaging system to extend depth of field of the
system.

FIG. 15is a flowchartillustrating a method of optimizing an optical imaging system to include a specified distribution
of electromagnetic energy representing certain spatial frequency bands.

DETAILED DESCRIPTION OF THE DRAWINGS

[0010] The following description is presented to enable one of ordinary skill in the art to make and use the embodiments
herein, and is provided in the context of a patent application and its requirements. Various modifications to the described
embodiments will be readily apparent to those skilled in the art and the principles herein may be applied to other
embodiments. Thus, the present disclosure is not intended to be limited to the embodiments shown but is to be accorded
the widest scope consistent with the principles and features described herein. In the drawings, like reference numbers
are used to refer to like components whenever possible. It is noted that, for purposes of illustrative clarity, certain elements
in the drawings may not be drawn to scale.

[0011] FIG. 1 shows an imaging system 10 that provides a non-monotonic wavefront phase profile and has extended
depth of field. A wavefront 7 of electromagnetic energy emanates from a scene 5 towards imaging system 10 (e.g., in
the direction of an arrow pointing from wavefront 7). The electromagnetic energy that forms wavefront 7 may be, for
example, any of visible, ultraviolet, infrared, microwave or radio frequency radiation. Imaging system 10 utilizes optics
20 to modify the wavefront to form a non-monotonic wavefront phase profile 40. The electromagnetic energy forms an
image at a detector 50 that generates image data 60 according to the image. Imaging system 10 optionally includes an
image processor 70 that produces processed image data 80, for example by filtering image data 60. Filtering may be
performed by convoluting image data 80 with a filter kernel that at least approximately reverses a point spread function
of optics 20.

[0012] Eg. 1represents one example of an equation describing a surface sag sag(r) for a circularly symmetric aspheric
lens that provides a non-monotonic wavefront phase profile and extended depth of field ("EDoF"), where ’r’ is in units
of mm:
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' 6 : 10
sag(r)=2 ar* +y) b,d” e
i=l Jj=1

where
B r:0<r<0.70418
~10.70418 : otherwise ’
Q=16 = [-4.65¢> -2.90e? -4.16¢" -1.47 2.02 -9.62],
bj-r10=[-2.18 2.552.59 3.98 -6.84 4.07 7.33 -4.257.68 -36.54],
P110=[1234567 89 20.08546],
and

y=15401¢”.

[0013] FIG. 2 shows a three-dimensional "3-D" mesh plot 100 that represents the circularly symmetric aspheric lens
surface described by Eq. 1, referred to as aspheric surface 120 herein. Aspheric surface 120 may be, for example, one
surface of an aspheric optical element that may be included in optics 20 (FIG. 1). Aspheric surface 120 may be super-
imposed, or integrated onto a surface of an existing optical element in optics 20, or it may be a separate optical element.
Each of the horizontal (x and y) axes is in millimeters; the vertical (z) axis is scaled by a factor of 1000 compared to the
x and y axes, as indicated by "x 10-3" on the z-axis.

[0014] FIG. 3 shows a plot 200 that represents a cross section 220 of aspheric surface 120 shown in FIG 2. A cross-
sectional plane from which the plot shown in FIG. 3 is taken, is shown by dashed line 3-3'. Plot 200 utilizes normalized
coordinates on the horizontal axis (the label "norm. pupil location" denotes location across the lens) and the vertical axis
(showing "norm. surface sag" as the term would be known to one skilled in optics).

[0015] FIG. 4 shows a plot 300 of modulation transfer functions ("MTFs") 310, 320, 330, 340 produced by an imaging
system that includes the aspheric surface 120, for 0, .25, .5, and .75 waves of defocus, respectively. In plot 300, the
horizontal axis represents normalized spatial frequency from zero to a maximum spatial frequency imaged by the imaging
system. The similarity of MTFs 310, 320, 330, 340 in FIG. 4 illustrates to one skilled in imaging that aspheric surface
120 is substantially invariant to misfocus over at least this range. Similarity of MTFs is but one way to discern that an
imaging system is substantially invariant to misfocus. U.S. Patents No. 5,748,371, 6,940,649, 7,115,849, 7,218,448 and
7,469,202 maybe reviewed for other ways of judging whether an imaging system is substantially invariant to misfocus.
[0016] In contrast to FIG. 4, FIG 5 shows a plot 400 of MTFs produced by a "standard" imaging system, that is, a
system corresponding to the system that generated plot 300, but without aspheric surface 120 (FIG. 2). Plot 400 includes
curves 410, 420, 430 and 440 showing MTF for 0, .25, .5, and .75 waves of defocus, respectively, at 580 nm. FIG 6
illustrates a sensitivity to misfocus in the standard imaging system without aspheric surface 120, to one skilled in imaging.
[0017] FIG. 6 shows a thru-focus plot 600 of modulation vs defocus for a single normalized spatial frequency of 0.4
for the same imaging systems whose performance is shown in FIGS. 4-7. Plot 600 includes a curve 610 (also labeled
"edof") for the imaging system with aspheric surface 120 and a curve 620 (also labeled "std") for the standard imaging
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system without aspheric surface 120. This plot shows that the addition of aspheric surface 120 in the imaging system
yields a greater misfocus region of modulation above zero than the "standard" imaging system.

[0018] A non-monotonic wavefront (e.g., wavefront 40, FIG. 1) that provides extended depth of field may be produced
by addition of certain monotonic phase surfaces to otherwise monotonic, spherical optics. For example, Eq. 2 represents
a surface sag of a monotonic aspheric optical element that, when utilized within an imaging system, produces a non-
monotonic wavefront phase profile.

- Cr? S
sag(r) = : =+ Z a;r Eq. 2

where

K = conic = 0.800058,
C = radius of curvature = 1.19134, and

Aie11a=[0 0 0 -2.83¢% 0 -7.36e> 0 -l.4le' 0 -6.33¢" 0
-3.05¢7 0 3.67]

[0019] The second term (summation term) in Eq. 2 represents an aspheric component of the overall surface sag
defined by Eq. 2. FIG. 7 shows a plot 700 that represents this aspheric component as curve 710, with the vertical axis
of plot 700 corresponding to the surface sag component in millimeters and the horizontal axis corresponding to radius
in millimeters. It can be seen that within the range of radius plotted in plot 700, curve 710 is monotonic.

[0020] FIG. 8 shows a plot 800 of a non-monotonic wavefront produced by an imaging system that includes an aspheric
optical element having the surface sag defined by Eq. 2.

[0021] FIG. 9, FIG. 10and FIG. 11 show plots 900, 1000 and 1100 respectively, that contrast performance of an optical
system thatincludes an aspheric element with the surface sag defined by Eq. 2 with performance of an equivalent system
that does not utilize the aspheric element. FIG. 9 illustrates performance of the two systems focused at infinity, with
curve 910 showing system MTF for the system without the aspheric element, and curve 920 showing system MTF for
the system with the aspheric element. FIG. 10 illustrates performance of the two systems focused at 35cm, with curve
1010 showing system MTF for the system without the aspheric element, and curve 1020 showing system MTF for the
system with the aspheric element. FIG. 11 illustrates performance of the two systems focused at 25cm, with curve 1110
showing system MTF for the system without the aspheric element, and curve 1120 showing system MTF for the system
with the aspheric element. Attention is drawn to the similarities of curves 920, 1020 and 1120, indicating that the system
that utilizes phase function 710 performs consistently across changes of focus. The dissimilarities of curves 910, 1010
and 1110 indicate that the system that does not utilize the aspheric element varies in performance with changes of focus.
[0022] FIG. 12 shows a ray plot 1200 of electromagnetic energy passing through an imaging system, according to an
embodiment. FIG. 12 illustrates that optics that produce non-monotonic wavefront phase profiles provide an ability to
direct electromagnetic energy rays based in part on spatial frequencies present in a scene being imaged. For example,
rays representing bands of higher spatial frequencies (e.g., those rays captured by the periphery of an aperture of the
optics) can be made to intersect an optical axis at different points, or along a different distribution of points, than rays
representing bands of lower spatial frequencies (e.g., rays near a center of an aperture of the optics). The ability to
distribute intersection of electromagnetic energy with the optical axis based on bands of spatial frequency generates
additional degrees of freedom in optical design as compared to standard design methods, as will now be explained. In
ray plot 1200, rays 1230 correspond to features of low spatial frequency and pass through optics 1220 near its center.
Rays 1240 correspond to features of higher spatial frequency and pass through optics 1220 partway between its center
and its edges. Rays 1250 correspond to features of highest spatial frequency and pass through optics 1220 near its
edges. Optics 1220 are configured to direct rays 1230, 1240 and 1250 at various depths within an image capture volume
1260. Rays 1230 intersect an optical axis 1210 furthest within image capture volume 1260, rays 1250 intersect optical
axis 1210 near the front (e.g., nearest optics 1220) within image capture volume 1260, and rays 1240 intersect optical
axis 1210 at a variety of depths within image capture volume 1260. These depths are seen more clearly in FIG. 13,
which shows a detailed view of the region shown as A in FIG. 12.

[0023] InFIG. 13, point 1270 denotes where rays 1230 intersect. Point 1280 denotes where rays 1250 intersect (point
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1280 may be appreciated most clearly by following the packets of rays marked B back to where they cross optical axis
1210, above the straight arrow). Rays 1240, however, intersect at a variety of locations depending on exactly where
they are captured by optics 1220. For example, certain of rays 1240 intersect at a shallow depth (e.g., closer to optics
1220) within image capture volume 1260, at point 1290. Other of rays 1240 intersect further back (e.g., further from
optics 1220) within image capture volume 1260, at point 1270.

[0024] Upon reviewing FIGS. 12 and 13 while reading and understanding the descriptions thereof, one skilled in the
art appreciates that optics that produce the various focal distances for differing spatial frequencies in the manner shown,
with a circularly symmetric optical element, may generate a non-monotonic wavefront phase profile. That is, considering
the points shown in FIG. 13, a non-monotonic wavefront phase profile can cause rays 1230 and 1250 to intersect optical
axis 1210 at points 1270 and 1280 while rays 1240 intersect optical axis 1210 at a variety of depths between and outside
the depths corresponding to points 1270 and 1280. Furthermore, it will be appreciated that although intersection of rays
1230, 1240 and 1250 with the optical axis is shown for clarity of illustration in FIGS. 12 and 13, an optical designer may
optimize for other field angles than the "on axis" ray. Therefore what is illustrated is a method of optimizing distribution
of electromagnetic energy representing differing frequency bands at different depths throughout animage capture volume,
both on and off the optical axis.

[0025] FIG. 14 is a flowchart illustrating a method 1300 of optimizing an optical imaging system to extend depth of
field of the system. Step 1310 of method 1300 provides an initial model of an optical imaging system in a computer-
based simulation tool. The initial model is, for example, based on standard optics (e.g., optics that produce a spherical,
converging wavefront). Step 1320 evaluates a depth of field of the initial model. Step 1330 generates an initial estimate
of design parameters for aspheric optics, either by adding such parameters to the initial model or modifying parameters
already present in the initial model. The design parameters generated in step 1330 may be parameters that will cause
the aspheric optics (in concert with other elements of the system) to produce a non-monotonic wavefront phase profile,
or may be parameters that will cause the aspheric optics to produce a standard (e.g., monotonic) wavefront phase profile
that can be modified in optimization. Step 1340 establishes a depth of field goal within the simulation tool, that exceeds
the depth of field of the initial model (e.g., as evaluated in step 1320).

[0026] Step 1350 operates an optimizer that varies design parameters of the optical imaging system, including the
aspheric optics, until it converges on final design parameters. The final design of the aspheric optics causes the imaging
system to produce a non-monotonic wavefront phase profile while meeting the depth of field goal. In addition to surface
sags of the aspheric optics, the optimizer may specify and/or modify assigned values of size, materials, material properties,
wavelength, location and/or shape of elements of the system. In this context, a detector (typically located at a back focal
plane of a system) is considered one of the elements, and accordingly characteristics and/or location of the detector
may be specified and/or modified by the optimizer. Optimizers capable of performing aspects of the optimization discussed
herein are described in U.S. Patent No. 7,469,302.

[0027] In addition to or instead of a depth of field goal, design goals that may be specified may include modulation
(e.g., an MTF) for certain spatial frequencies, and/or one or more ranges of distribution for electromagnetic energy
representing certain bands of available spatial frequencies. For example, FIG. 15 is a flowchart illustrating a method
1500 of optimizing an optical imaging system to include a specified distribution of electromagnetic energy representing
certain spatial frequency bands, according to an embodiment. Step 1510 of method 1500 provides an initial model of
an optical imaging system in a computer-based simulation tool. The initial model is, for example, based on standard
optics (e.g., optics that produce a spherical, converging wavefront). Step 1520 evaluates a distribution of electromagnetic
energy representing various spatial frequencies, within an image capture volume of the system, for the initial model.
Step 1530 generates a revised model of the optical imaging system, by adding an initial estimate of design parameters
for aspheric optics to the initial model. Step 1530 may include, for example, either adding the aspheric optics design
parameters to the initial model, or modifying design parameters already present in the initial model. The aspheric optics
design parameters generated in step 1530 may be parameters that will cause the aspheric optics (in concert with other
elements of the system) to produce a non-monotonic wavefront phase profile, or may be parameters that will cause the
aspheric optics to produce a standard (e.g., monotonic) wavefront phase profile that can be modified in optimization.
[0028] Step 1540 establishes a particular distribution of electromagnetic energy that represents certain bands of spatial
frequencies within the image capture volume, as a design goal within the simulation tool. Such design goal may result
in electromagnetic energy representing particular bands of spatial frequencies being spread more throughout the image
capture volume (e.g., resulting in a greater depth of field for those bands) as compared with electromagnetic energy
representing other bands of spatial frequencies. Step 1550 operates an optimizer that varies design parameters of the
optical imaging system, including the aspheric optics, until it converges on final design parameters. The final design of
the aspheric optics causes the imaging system to produce a non-monotonic wavefront phase profile while meeting the
goal of distibution of electromagnetic energy as defined in step 1540. In addition to surface sags of the aspheric optics,
the optimizer may specify and/or modify assigned values of size, materials, material properties, wavelength, location
and/or shape of elements of the system. In this context, a detector (typically located at a back focal plane of a system)
is considered one of the elements, and accordingly characteristics and/or location of the detector may be specified and/or
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modified by the optimizer. Optimizers capable of performing aspects of the optimization discussed herein are described
in U.S. Patent No. 7,469,302.
[0029] The changes described above, and others, may be made in the circularly symmetric aspheric optical elements
providing non-monotonic wavefront phase profile and extended depth of field described herein, without departing from
the scope hereof. It should thus be noted that the matter contained in the above description or shown in the accompanying

drawings should be interpreted as illustrative and not in a limiting sense. The following claims are intended to define the
scope of the present system.

Claims

1. An aspherical lens having a surface sag described by:

6 10
sag(r)=> ar’ +y) bd"
i=1 j=1

where

r:0<r<0.70418
0.70418 : otherwise !

Aic1:6 = [-4.65e™> -2.90e? -4.16 et -1.47 2.02
-9.621,

bjzi:10 = [-2.18 2.55 2.59 3.98 -6.84 4.07
7.33 -4.25 7.68 -36.54],

Pi=1:10 = [1 2 3 4 5 6 7 8 9 20.085467,

and
y = 5.401e™>.

Patentanspriiche

1. Eine aspharische Linse, aufweisend eine Senkung in ihrer Oberflache, welche beschrieben wird durch:
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6 10
sag(r) = ZairZi + 7ijdp"
i=1 j=1

wobei

[r:0<r<0.70418
1 0.70418 : otherwise

1.6 = [-4.65e° -2.90e? -4.16 et -1.47 2.02
-9.627,
bii0 = [-2.18 2.55 2.59 3.98 -6.84 4.07

7.33 —-4.25 7.68 -36.54]7,

Ps-1:10 = [1 2 3 4 5 o6 7 8 9

und

Revendications

1. Lentille asphérique ayant une déclivité de surface décrite par :

6 10
sag(ry=> ar* +y> bd"
i=1 =1

(_.., r:0<r<070418
~10.70418 : sinon

20.0854¢67],
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Aig.6 = [-4.6Be™® -2.90e™% -4.16 et -1.47 2.02

-9.627,

bDje1:10 = [-2.18 2.55 2.59 3.98 -0.84 4,07
7.33 -4.25 7.68 -36.54],

Pij-1:10 = (1 2 3 4 5 6 7 8 & 20.08546],

et

Yy = 5.401e”°.
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Thru-focus plots for norm. spatial freq of 0.4
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